In Escherichia coli, the role of lacA, the third gene of the lactose operon, has remained an enigma. I suggest that its role is the consequence of the need for cells to have safety valves that protect them from the osmotic effect created by their permeases. Safety valves allow them to cope with the buildup of osmotic pressure under accidental transient conditions. Multidrug resistance (MDR) efflux, thus named because of our anthropocentrism, is ubiquitous. Yet, the formation of simple leaks would result in futile influx/efflux cycles. Versatile modification enzymes with low sensitivity solve the problem if the modified metabolite is the one exported by MDR permeases. This may account for the pervasive presence of acetyltransferases, such as LacA, associated to acetylmetabolite exporters. This scenario of constraints imposed by efficient influx of metabolites provides us with a model that should be followed when constructing synthetic cells.
Introduction
The aim of synthetic biology (SB) is to take an engineering stance to (re)construct cells in a rational and reproducible manner. (1) The baseline of this engineering philosophy is the combinatorial association of building blocks based on the abstract rules which have been established over the years governing the control of transcription. Engineering combines an abstract reflection on the properties of the organisation of building blocks with explicit implementation of material structures. (2) Curiously, some explicit engineering constraints raised by such material implementation have not yet been considered, while they may already be quite visible in what we know from our previous studies of model bacteria. This apparent ignorance may well be the consequence of a blind spot in our description of the paradigm of gene expression, the E. coli lactose operon. With its three genes and its repressor, the lactose operon is presented in all university textbooks. (3) It is also a paradigm for the design of standard biobricks of the SB effort, seen as the paradigm of a logical system whose expression is driven by a Boolean function: lactose AND NOT glucose.
Remarkably, nobody appeared to be motivated to uncover the explicit function of the third gene of the operon, lacA. This is in contrast with the many works discussing and placing in relevant perspective (including the most complex idiosyncratic features) the function of the repressor, the catabolite activator protein and the associated cyclic AMP regulatory molecule, and the first two genes of the operon, coding for a bgalactosidase (LacZ) and a proton-driven b-galactoside permease (LacY). (4) An early example of this lack of interest is the review of the interactions mediating the control of cellular metabolism by Jacques Monod himself (one of the inventors of the operon model), where he described the lactose operon, omitting its lacA gene. (5) This lack of interest was substantiated experimentally when it was observed that in some natural plasmids coding for a lactose operon, lacA was absent. (6) Strangely, this avowal of ignorance remained enough to satisfy the curiosity of investigators, educators and laypersons alike.
Yet, the complete lactose operon (including lacA) appears to be a marker of E. coli as forming an authentic bacterial species. Indeed a thorough analysis of environmental, commensal and pathogenic E. coli strains, as compared with their closest relative E. fergusonii (which is not distinguishable by its 16S RNA only), showed that the vast majority, including genomes where the local synteny is disrupted, comprised a complete lactose operon with its lacA gene (see as an exception E. coli E22 NZ_AAJV) (7) (Fig. 1 ). Furthermore, in most instances the genome comprised a gene coding for another carbohydrate acetyltransferase, Maa, which is highly related to LacA (this is the case in strain E22 NZ_AAJV), placed at another location in the genome sequence. (8) It seems really remarkable that the blindness displayed by the community of investigators about the presence of a gene in an operon that plays the role of a paradigm in SB (advocated almost one century ago as a research program meant to understand what life is, by a somewhat unusual personality, Sté phane Leduc (9) ) happens at a time when SB is spreading to biology as an extension of the principles of engineering. (2, 10) Our knowledge about LacA is limited: based on in vitro biochemical experiments using a variety of galactosides as substrates, LacA is assumed to code for a lactose acetyltransferase displaying an unusually low affinity for its substrates, b-galactosides, (11) and is interpreted to be involved in detoxification. (12) Could we, by simple reasoning, predict an expected function for this gene? Can we go further in terms of engineering?
Using the lactose operon as a reference set of biobricks Forty years after the discovery of the lactose operon, many articles are still based on the underlying physics and logics of this remarkable genetic setup. (13) (14) (15) (16) (17) It is therefore worth analysing the explicit and implicit hypotheses made when the lactose operon is used as a theoretical or an experimental model. Interestingly, in a work combining in silico modelling with experiments, (15) an equation placed in the Supplementary Material of the corresponding article (which is the typical place where one finds authentic engineering constraints) shows that a leak or a degradative process is essential to permit realistic modelling of the multistability process in the lactose utilisation network. However, no physical process is proposed to account for this leak, while it is generally accepted that bacterial membranes are fairly impermeable to hydrophilic compounds. Even more interesting is a more recent and deeper model which provided a detailed account of the well-investigated bistability of the lactose operon, showing that bistability is easy to account for when artificial inducers (non-metabolisable alkylated thiogalactosides) are used, while it is not expected to be a common feature when bacteria are grown on their natural substrate, lactose. (16) After having given a short introduction to the lactose operon (including the lacA gene) the authors immediately start constructing a very detailed model in which lacA is purely and simply omitted. The model rests on a series of realistic assumptions, and on some utterly unrealistic ones. In Figure 1 . Comparative genomics of the lactose operon region in a variety of E. coli strains, with E. fergusonii as the closest outgroup, displayed using the MaGe platform. (37) W3110 is the E. coli K12 reference. Note that both upstream and downstream of the lactose operon there may be considerable variation between different strains. particular the model is based on reversible (my emphasis) lactose influx by permease. A further assumption states that there is indeed a significant passive lactose efflux, explicitly claimed to be independent of the presence of glucose (which itself is also permitted to leak out of the cell) and differing whether one considers lactose or its alkylated thiogalactoside analogues. (16) The overall description of bistability, emphasising differences between artificial and natural substrates, is entirely dependent on these premises.
A leak is certainly not the ultimate refinement in engineering. It is difficult to control and to stabilise and it is a waste. In most engineering setups where there is an influx system, appropriate ratchet-like processes prevent straightforward reversibility, even though reversibility is in principle physically permitted. Assuming that the LacY permease is passively reversible does not fit what is known of its function: a proton-driven pump that bases its activity on the considerable electrochemical potential of the cell. Actualisation of its reversibility would imply a considerable load on the availability of energy in the cell. (18) As we shall see below, there exist energy-independent reversible permeases (often named facilitators (19) ), but this is not the case for LacY, which, although being a member of the large class of facilitators, is alternating an open conformation at either face of the cytoplasmic membrane as a function of co-permeation of protons together with its galactoside substrates. (20) As a consequence, if lactose leaked out of E. coli cells in an uncontrolled manner, the presence of LacY would create an energy-consuming futile cycle, especially as with the permease being located in the cytoplasmic membrane, the leaking lactose would tend to remain fairly concentrated in the cell's periplasm. The same line of reasoning also holds for glucose, even though its permeation system differs from that of lactose (but it is also energy-driven, via the phosphoenolpyruvate phosphotransferase system). Taken together, these observations suggest that we miss a function. On the other hand, we have an extra gene, lacA, for which we do not have a really convincing function. Let us try to match these discrepancies.
Predicting the authentic LacA function and discovery of safety valves
All kinds of neighbourhoods may be used to make functional inferences. (21, 22) Much work about the gene neighbourhoods has suggested that when proximity is conserved in the genome, there is good chance that there is some kind of structural or functional relationship between the proteins coded in the corresponding genes. (23) (24) (25) Conservation of lacA in the vicinity of lacZ and lacY therefore suggests that, despite its current dispensability, it may have a function related to that of the lactose operon. Furthermore, it has been established that there is a polarity in gene expression in the lactose operon, with lacZ expressed at a significantly higher level than lacY and lacA, which go together. (26) This permits us to infer that the function of lacA might be related to that of lacY.
Engineers are keen to make a mechanical and logical assessment of the machines they are constructing, trying not to forget unobtrusive defects in design. Thinking of a cell which would use lactose as a carbon and energy source in terms of engineering leads to the following paradox. In their usual environment, the mammalian gut, E. coli cells are prone to meet variable concentrations of lactose. A common situation met by the bacteria could be some lactose inducing the lac operon, an intermediate period with not much of the sugar, and suddenly a large concentration of it. According to the commonly accepted model, the cell's response to the final situation would be to trigger efficient influx of the sugar, because the operon had previously been induced to place lactose permease in the membrane. Because LacY allows the intracellular lactose concentration to climb up considerable gradients, it might sometimes reach levels that would build up an osmotic pressure which would lead to the bursting of cells or at least interfere with the building up of murein (Gramnegative organisms do not have a thick peptidoglycan envelope), unless some protective mechanism exists, typically the safety valve that engineers place on steam engines. Some type of leak is indeed expected to cope with these deleterious situations.
In keeping with the SB view of biology, a natural way to engineer the process in a way that would not interfere with the primary goal of the cell -to accumulate enough lactose to use it as a carbon source -would be to modify lactose into another component, progressively preventing it from reaching a deleterious concentration, and then to excrete the modified compound, which would not go back into the cell. The first part of the process fits exactly the function of LacA with its surprisingly poor K M , (11) which is now explained as nicely contributing to fitness (it is in the molar range) by making acetyl-galactosides. What, then, would be the fate of acetyllactose? Do we know whether it would be expelled from the cell? While this possibility was not explored and remained unknown for a long time, three permeases, SetA, SetB and SetC, which belong the multidrug resistance (MDR) permeases family, perform this role in E. coli. They can also export other related acetylated sugars. (27) This function nicely fits the requirement for a safety valve.
Let us also note that, in another domain, the existence of these efflux permeases implies that all the past work on in vivo efflux of galactosides from the cell, performed prior to this important work, should be analysed retrospectively. Indeed the efflux of acetylated carbohydrates discovered accounts fairly well for the puzzling passive efflux of modified galactosides (alkylated thiogalactosides) when the two main energyyielding pathways are poisoned (28) : they would not be A. Danchin Hypothesis expelled from the cell by LacY, but by one or several of SetA, SetB or SetC. Do we have further arguments suggesting that there is indeed, under some circumstances, a steady-state or an overflow problem driven by the efficiency of LacY? While there is as yet no direct experimental evidence proving the conjecture presented here (it would require inactivation not only of the three setA, setB and setC genes, but the maltose acetyltransferase gene maa as well), several pieces of work provide strong support to the idea.
(1) Overflow: A considerable proportion of E. coli cells (80-98%) taken from a lactose-limited chemostat die when plated on standard lactose minimal media. This effect has been explored in detail and it was shown that the action of rapid transport across the membrane must be the cause of the phenomenon, while the toxic effect was not due to derivatives of lactose. (29) (2) In the presence of cyclic AMP and in a particular genetic background (namely, constitutively expressing the lactose operon and lacking the phosphoenolpyruvate-dependent glucose phosphotransferase system), cells grown in rich medium were lysed upon addition of lactose, and this was due to lactose influx. (30) (3) Steady-state conditions: Authors have long looked for ways to isolate mutants of the lacY gene, in order to explore the lactose channel and proton co-transport in the permease. At the time of the discovery of the lactose operon, many lactose analogues were discovered with different properties in terms of influx, efflux or control of the lactose operon expression. b-thio-o-nitrophenylgalactoside was found to be toxic when the cells were grown in a medium containing succinate as the carbon source, permitting selection of a variety of LacY mutants. (31) Taken together, all these experiments fit well in the scenario proposed here, where the lactose permease is so efficient that, under a variety of circumstances, it leads to a toxic accumulation of lactose, requiring some sort of safety valve.
Why so many acetyltransferase genes in genomes?
This fairly simple line of reasoning has many consequences. A straightforward consequence is that one should study in this new light the considerable number of metabolite acetyltransferases that are present in genomes. They may be used to modify foreign or unusual molecules to prevent them from becoming unwanted substrates of major metabolic processes. (32) More generally, scenarios such as the one discussed here should be investigated again with this idea of the need for safety valves in mind. This type of modification/ efflux system should then be included in the basic biobricks of SB. In fact, all models of metabolism involving permeases that are highly efficient should include similar processes as well, and a reflection on those involving ATP-driven transport should probably also take this process into account (or at least make a model of the physical relationships between osmotic pressure, proton-driven ATP synthesis and transport). In this respect it may be significant that the Maa acetyltransferase not only modifies maltose, but acetylates glucose as well. (8) It is therefore expected that, for each efficient permeation process, there exists an acetyltransferase associated to an efflux system, accounting for at least some of the large number of acetyltransferase genes found in genomes. Finally, this reflection places the so-called MDR efflux systems in an entirely new light. While they have initially been found to be involved in acquisition of resistance to a variety of antibiotics, Saier and co-workers have already provided us with convincing evidence that the primary functions of MDRs at their origin are unrelated to resistance to antibiotics or drugs. (33) If one takes the present hypothesis seriously, many such proteins must be normally present in most cells, where they play the role of safety valves for normal metabolised substrates. As a consequence, they will also permit to export any structurally related non-metabolised substrate, precisely because the absence of metabolism will result in rapid increase in its intracellular concentration. It therefore becomes obvious how MDRs could rapidly be diverted to play the role of drug resistance devices. This remark also fits well with the observation that, besides MDRs, another large class of antidrug proteins is indeed made by acetyltransferases (e.g. chloramphenicol acetyltransferases): acetylation would be a general group modification process that would modify unwanted substrates to divert them to novel metabolic pathways or to excrete them into the external medium. This central function would then have been recruited for another role, (34) i.e. the protection against harmful molecules such as antibiotics or anticancer drugs.
A word of conclusion
The lactose operon, with its repressor gene lacI and its three genes lacZYA, is the paradigm of molecular biology. Surprisingly, it appears that nobody has been curious enough to explore the enigmatic function of the lacA gene. An acetyltransferase with a very poor K M is hardly a convincing answer for a curious mind. I have suggested here that cells with efficient permeases, also need safety valves, in order to prevent the buildup of excessive osmotic pressure. This would be particularly important in cells lacking a rigid envelope, such as eukaryotic cells. Yet this scenario might result in energycostly leaks, or provide selection pressure favouring poorly active permeases. Preventing the futile cycles that leaks
Hypothesis
A. Danchin would create, seems remarkably illustrated in the organisation of the lactose operon, whose function is to efficiently scavenge a sporadically abundant carbon source. Naturally, any function must have a cost. In the present situation the trade-off could be that the influx/modification/efflux system we have described produces a form of addiction: indeed, it has some abstract properties similar to those of the restriction/ modification systems, or the toxin/antitoxin systems. (35, 36) It will be interesting to explore whether this is used in situations where cooperation between cells is essential, such as in formation of communities, symbiosis, parasitism or pathogenicity.
